A comprehensive approach estimating sediment yield from a watershed is needed to develop better measures for mitigating sediment disasters and assessing downstream impacts. In the present study, an attempt has been made to develop an integrated method, considering sediment supplies associated with soil erosion, shallow landslide and debris flow to estimate sediment yield from a debris-flow-prone watershed on a storm event basis. The integrated method is based on the HSPF and TRIGRS models for predicting soil erosion and shallow landslide sediment yield, and the FLO-2D model for calculating debris flow sediment yield. The proposed method was applied to potential debris-flow watersheds located in the Sioulin Township of Hualien County. The available data such as hourly rainfall data, historical streamflow and sediment records as well as event-based landslide inventory maps have been used for model calibration and validation. Results for simulating sediment yield have been confirmed by comparisons of observed data from several typhoon events. The verified method employed a 24-h design hyetograph with the 100-yr return period to simulate sediment yield within the study area. The results revealed that the influence of shallow landslides on sediment supply as compared with soil erosion was significant. The estimate of landslide transport capacity into a main channel indicated the sediment delivery ratio on a typhoon event basis was approximately 38.4 %. In addition, a comparison of sediment yields computed from occurrence and non-occurrence of debris flow scenarios showed that the sediment yield from an occurrence condition was found to be increasing at about 14.2 times more than estimated under a non-occurrence condition. This implied watershed sediment hazard induced by debris flow may cause severe consequences.
Introduction
Taiwan is located at the junction of the Eurasian and Philippine Sea plates. The geologic characteristics of this area are frequent geological activities, young geological age, fragile rocks, and complicated geological structures. Torrential precipitation events may easily trigger landslides, slope sliding, and debris flow. This would in turn lead to sediment-related disasters and cause damage to buildings, resulting in fatalities, severe injuries to the residents, or sedimentation impacts to reservoirs. Thus, information on sediment yield analysis from a watershed is very often required for hazard mitigation and watershed management purposes.
Sediment yield is dependent on all variables that control erosion and sediment delivery, including local topography, soil, geology, climate, vegetation, catchment morphology, land use and drainage network characteristics (Verstraeten and Poesen, 2001 ). The watershed sediment yield system is, in general, very complex and highly nonlinear, having temporal and spatial variability so that the sediment yield estimate has become a challenge task. In the past, the sediment yield has been estimated by sediment discharge measurement data coupled with the sediment rating curve. However, monitoring is time-consuming and expensive. Modelling gives an alternative method for estimation and understanding of sediment erosion and transport, and can also be used to investigate potential impacts for possible future climate scenarios (Chou, 2010) . Many models for predicting soil erosion and estimating sediment yield have been developed, such as AG-NPS (Young et al., 1989) , ANSWERS (Beasley et al., 1980) , CREMS (Knisel, 1980) , EUROSEM (Morgan et al., 1998) , HSPF (Johanson et al., 1980) , KINEROS (Smith, 1981) , LASCAM (Viney and Sivapalan, 1999) , SEDNET (Prosser et al., 2001) , SHESED (Wicks and Bathurst, 1996) , SWAT (Amold et al., 1998) , USLE (Wischmeier and Smith, 1978) and WEEP (Laflen et al., 1991) , and are used widely all over the world (Amore et al., 2004; Bhayan, et al., 2002; Chou, 2010; Nasr et al., 2007; Ziegler et al., 2001) . Merritt et al. (2003) and Aksoy and Kavvas (2005) gave an excellent review for various models applicable in sediment transport and erosion modelling, in which the reviewed models can be categorized into two groups: empirical and physicallybased frameworks. However, these models exist for the consideration of soil erosion. For steep hillslopes, rainfall events on the environment can cause both soil erosion and shallow landslides. Shallow landslides can be significant sources of sediment in hilly catchments, and may in turn act as a major control on the occurrence of debris flow in rivers (Selby, 1993; Istanbulluoglu et al., 2004; Schwab et al., 2008; Lin et al., 2011) . Several studies have tended to exploit the influence of shallow landslides on sediment supply or to develop appropriate models for determining sediment yield arising from shallow landsliding (Allen and Hovius, 1998; Burton and Bathurst, 1998; Bathurst et al., 2006; Schuerch et al., 2006; Claessens et al., 2007; Acharya et al., 2009 Acharya et al., , 2011 . They all recognized that landslides play an important role in determining the sediment yield of hilly catchments, and the development of shallow landslide sediment yield models is still in the stage of infancy as compared with the soil erosion models.
In addition, total sediment yield arising from shallow landslides depends on the transport process of failure material to the channel network. If the material evolves into a debris flow, the sediment volume is relatively high in magnitude (Malet et al., 2005) . These processes of soil erosion, landslides, and debris flow interact with each other and thus need to be studied in an integrated way to understand hillslope sediment yield. Thus, a feasible method to predict sediment yield should take into account possible sediment sources and transport mechanisms. This effort may enhance the capacity and accuracy in assessing possible impacts of sedimentrelated disasters.
In this study, the aim of this research is to propose an integrated method, taking advantages of existing simulation models by considering sediment supplies associated with soil erosion, shallow landslide and debris flow to estimate sediment yield on a storm event basis in hilly watersheds, in particular in debris-flow-prone watersheds. The integrated method is based on the HSPF (Johanson et al., 1980) and TRIGRS models (Baum et al., 2002) for predicting soil erosion and shallow landslide sediment yield, and the FLO-2D model (O'Brien, 2006) for calculating debris flow sediment yield. A case study to demonstrate potential impacts on sediment yield from different sediment sources is presented. This paper also discusses landslide sediment delivery ratio and relationship between sediment yield and watershed area. 
The study area
The study area is located at the Sioulin Town in Hualien County on the eastern coast of Taiwan, as shown in Fig. 1 . Sioulin Town faces the immense Pacific Ocean to the east and leans against the grand Central Mountain Range in the west. The area is on the boundary of the Philippine and Eurasian Plates. As a result of the collision of two plates, metamorphic rocks typically prevail in the area. Additionally, the sea terraces, river terraces, alluvial fans, meanders, and a river valley basin can be easily seen within the region.
The Sioulin Town is mountainous with a long and narrow territory. The area below a 100 m elevation consists 3 % of the town's land area. The terrain with a hillslope angle less than 5 % covers 0.08 %. Because of the limited plain areas, urban development on slopeland has become inevitable. Typhoons with heavy rainfall frequently strike Sioulin Town every year during the period mainly from June to October and bring bountiful rainfall. Because of these geomorphological and hydrological characteristics, sediment-related disasters such as landslides or debris flows prevail in the region during typhoon season. potential debris-flow creeks at Sioulin Town. Out of 162 potential debris-flow creeks in Hualien County, the town contains 26 creeks spread throughout 9 villages. In the past, landslides and debris flows occurred in some of the debris-flowprone creeks, especially in the villages of Tongmen, Jingmei, Fushih and Heping and resulted in casualties and serious property damage. Figure 2 shows a devastating debrisflow calamity caused by Typhoon Ofelia in 1990 which occurred in Tongmen Village. The typhoon brought heavy rainfall with maximum rainfall intensity of 95.5 mm h −1 and a 3-day accumulated rainfall of about 835 mm, triggering landslides that mobilized a large amount of slope material which transformed into debris flows. According to the official disaster statistics issued by the Hualien office of the Soil and Water Conservation Bureau, the event produced approximately 55 000 m 3 of rock and debris that flowed down to the guarded areas and killed 38 people, as well as buried 227 houses.
Methodology

Framework of sediment yield estimates
A combination of fluvial and hillslope processes occurs in debris-flow-prone creeks, making the estimation of sediment yield complicated. A comprehensive approach for estimating sediment yield may consider the following four components: (1) model simulation based on storm event rainfall data; (2) non-point source of sediment from erosion; (3) point source of sediment from shallow landsliding; (4) transport mechanisms for both fluvial transport and debris flow scenarios. A detailed flowchart of sediment yield estimate is illustrated in Fig. 3 (the upper part of this Figure) . This flowchart mainly includes three processes: rainfall-runoff, sediment erosion and incidence of shallow landsliding, and sediment transport by runoff. The integrated method starts with a rainfall-runoff process. Subsequently, sediment is detached from soil surface both by raindrop impact and the shearing force of flowing water. On the other hand, water may seep into the ground during heavy rainfall and saturate the sublayers of the slope. When the pore water pressure is sufficient to decrease effective normal stress to a critical level, slope failure occurs. Finally, the eroded sediment and failed materials are transported down the slope primarily by the flowing water. During the propagation, a few factors, including rainfall intensity, local topography, soil characteristics, drainage network, and slope morphology will determine a dominant transport process. This could be in the regime of fluvial transport or debris flow transport. If the debris flow happens, the downstream impact is more significant than that of fluvial flow. Based on the framework, both soil erosion and shallow landslides were studied in an integrated way to estimate sediment yields. In addition, modelling frameworks for both occurrence and non-occurrence of debris flow scenarios were developed.
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The procedure for estimating shallow landslide sediment yield has been developed as shown in Fig. 3 (the lower lefthand side of the Figure) . The method used and developed in this study, including model descriptions, calibration, verification, and simulation procedure are given as follows.
HSPF model background
For the shallow landslide sediment yield modelling, the Hydrological Simulation Program -FORTRAN (HSPF) model version 12 was applied. HSPF was selected for the purpose of the present study because the numerical model over most existing models can take into account both point and nonpoint source of sediment as mentioned in Sect. 3.1. HSPF is a comprehensive watershed model that simulates non-point sources runoff and pollutant loadings for a watershed, combines these with point sources contribution and models flow and water quality transport and fate. A detailed description of the HSPF model, including model introduction, data requirements, assumptions, and limitations of the model, can be found in the model user manual (Bicknell et al., 2001 ). This section presents a brief summary of the hydrological and sediment transport processes simulated by HSPF. HSPF is based upon the Stanford Watershed Model and evolved out of three previously developed models: (1) the USEPA Agricultural Runoff Management (ARM) model, (2) Non-point Sources Runoff model (NPS), and (3) Hydrological Simulation Program (HSP). This model comprises three primary modules: (a) Pervious Land-segment module (PERLND), (b) Impervious Land-segment module (IM-PLND), and (c) Free-flowing Reach or Mixed Reservoirsegment module (RCHRES). HSPF makes use of PERLAND to simulate water quality and quantity processes that occur on a pervious land segment. IMPLND is the module that simulates hydrological processes on an impervious segment. The RCHRES module simulates the processes that occur in a single reach of open or closed channel, or a completely mixed lake. Each module consists of a couple of submodules. The principle modules used in this study are the PERLND and RCHRES modules. In the PERLND module, the sub-modules PWATER and SEDMNT were used to compute the components of water budget and to simulate the production and removal of sediment from a pervious area, respectively. In the RCHRES module, the sub-modules HYDR and SEDTRN were utilized to simulate the hydraulic behaviour of the stream and to perform the transport, deposition, and scour of sediment in free-flowing reaches, respectively.
Prediction of shallow landslide
A variety of approaches has been utilized to determine rainfall-induced shallow landslides, such as empiricalstatistical methods (e.g. Reichenbach et al., 1998; Godt et al., 2006) or physically-based methods (e.g. Montgomery and Dietrich, 1994; Baum et al., 2002) . However, the empiricalstatistical approach ignores the physical process by which rainfall infiltration affects the stability of the hillslopes and limits the ability to predict the hazard. In this study, the Transient Rainfall Infiltration and Grid-based Slope-stability (called TRIGRS), which is developed by the USGS (Baum et al., 2002) , was adopted to investigate the landslide susceptibility. The model is a coupled hydromechanical slope stability assessment tool, working on a regional scale. TRI-GRS is raster-based and uses a time-dependent approach to assess the stability of a basin during a rainfall event. Infiltration is modelled through a simplified analytical solution of Richards' equation (Iverson, 2000) , which requires a shallow, quasi-saturated soil cover at the beginning of a simulation. The built-up pore pressure is then used as an input to a slope stability model, based on the infinite slope approach. The main output of TRIGRS is a factor of safety, indicating whether the slope can be considered stable or not. Details of the model equations and detailed parameters description can be found in the model's user manual (Baum et al., 2002) .
Since TRIGRS is a physically-based model, a large number of parameter values need to be given and addressed. Parametric analyses to test the model and show the effect of parameter variation on the distribution of simulated instability in the study area were conducted. Results showed that the most sensitive parameters in the model were effective cohesion and the hydraulic conductivity. This gave a reference in calibration process. Data required for model simulation include rainfall, digital elevation model (DEM) of the study area, effective cohesion, friction angle, soil unit weight, water unit weight, topographic slope, initial water table depth, soil thickness, hydraulic conductivity, hydraulic diffusivity, and long-term infiltration rate, where the slope can be computed by means of grid DEM (20 m resolution); the spatial distribution of soil thickness can be determined by a linear relationship between the wetness index and soil thickness (Lee and Ho, 2009) ; the initial water table depth can be obtained from the relative wetness index in the Stability Index Mapping (SINMAP) model (Pack et al., 2005) ; the long-term infiltration rate can be acquired from the streamflow partitioning (PART) program (Rutledge, 1992) ; the hydraulic diffusivity value is assumed to be 400 times the hydraulic conductivity of soil (Baum et al., 2002) ; the effective cohesion, friction angle, and hydraulic conductivity can be calibrated against observed data.
An inventory map of shallow landslide occurrence in the study area from two typhoon events as shown in where landslide occurrence data from Typhoon Minduli was applied to the model calibration; landslide occurrence data from Typhoon Fenghung was applied to the model validation. To simplify the calibration process, the study area was divided into ten zones based on the geological map and lithology as shown in Fig. 4 so that the given parameters can be uniformly applied to each zone. A flowchart showing the steps for the model calibration can be found in Fig. 5 . As shown in Fig. 5 , the aim of the calibration was to reproduce the observed occurrence of landslides as accurately as possible with the simulation. Three criteria must be obeyed in the calibration process, including (1) the factor of safety (FS) must initially be greater than unity for the entire study area before any rainfall; (2) the simulated landslide rate (SLR) for each geologic zone (see Fig. 6 ) should be close to the observed landslide rate (OLR); (3) the accuracy rate of the model for each zone should be greater than 85 %. By adjusting values of the calibrated parameters in the model to fit the observed data, the calibration results indicate the error between simulated and observed landslides for each zone ranges from 1 % to 11 %, which is less than the targeted value of 15 %. Subsequently, we replicated shallow landslide occurrence caused by Typhoon Fenghung in order to verify the accuracy of the presented model. Comparing the results with the shallow landslide inventory map, for the study as a whole, we found 93.92 % agreement between predicted shallow landslide susceptibility and the inventory. Finally, the landslide volume can be estimated by multiplying the landslide area by the soil depth.
Sensitivity analysis for HSPF model
Sensitivity analysis with the model was conducted to determine the main influential parameters which may affect sediment yield simulation and need to be calibrated. Although sensitive parameters for the HSPF model have been discussed in many previous studies, our analysis was done to confirm the literature information for the Sioulin watershed.
The analysis was done in two steps. One was for the hydrologic component of HSPF, and the other was for the sediment runoff component. For the hydrologic parameters, INTFW, IRC, INFILT, UZSN, and LZSN were tested to be more sensitive parameters, in which INTFW is the interflow inflow parameter; IRC is the interflow recession parameter; INFILT is the infiltration parameter; UZSN is the upper zone nominal storage; LZSN is the lower zone nominal storage. Among the five parameters, INTFW and IRC are the most sensitive parameters. By altering the value of each parameter, peak flow volume, runoff volume, or flow recession curve can be adjusted. For instance, a decrease effect on total runoff volume and peak flow volume will correspond, while increasing the value of INTFW.
For the sediment runoff parameters, JRER, JSER, JGER, KSAND, and EXPSND were tested to be more sensitive parameters, in which JRER is the exponent in the soil detachment equation; JSER is the exponent for transport of detached sediment; JGER is the exponent for scour of the matrix soil; KSAND and EXPSND are the coefficient and exponent in the sandload power function formula. The above five parameters generally have an increase effect on sediment yield while increasing their values. A brief description for the above mentioned model parameters are listed in Table 3 .
Calibration and validation for HSPF model
Before modelling a flood event or long-term period, the HSPF model must be calibrated and verified for the studied watershed. The observed data with hourly time series form from two streamflow and sediment monitoring stations, as shown in Fig. 1 , were used for the model calibration and verification. Four steps were performed in the following sequence: hydrological calibration; hydrological verification; sediment yield calibration; sediment yield verification. In this study, the calibration at the Lyushuei gauging station was carried out for two typhoon events of Amber (28 Au- Figure 6c , d, g and h compares graphically measured and predicted daily runoff and sediment yield values for the calibration period with two typhoon periods at the Renshou Bridge gauging station. Figure 7c and d displays the verification results for both streamflow and sediment discharge simulation at the same station. From the six Figures, in general, simulated runoff or sediment yield follows a trend similar to that of measured runoff or sediment yield.
In addition to the graphical evaluation for the model performance, percent differences (%Diff) between observed and simulated values were used to assess model accuracy. Donigian (2000) in HSPF training workshops provided some general guidelines of %Diff for calibration/verification tolerances or targets to model users. If the percent difference value is less than 15 %, the calibrated/verified model is considered "very good". If the value is in the range between 15 % and 25 %, the model is considered "good". If the value is in the range of 25 % to 35 %, the model is considered "fair". If the value is beyond 35 %, the model is considered "poor". According to the aforementioned guidelines, all simulation results for hourly runoff and sediment discharge are examined as shown in Table 1 . The percent difference values of peak flow for all simulations are calculated to be 2.0-11.5 % and are generally within the level of "very good". The percent difference values of total volume for all simulations are calculated to be 2.0-16.7 % and are generally in the range from "very good" to "good". The results of runoff and sediment yield and observations are fairly congruent.
Simulation procedure for estimating shallow landslide sediment yield
The procedure as shown in Fig. 3 (the lower left-hand side of the Figure) for simulating shallow landslide sediment yield is given as follows:
1. Rainfall-runoff process: the hydrologic process is modelled by the HSPF/PWATER module. PWATER is used to calculate the components of the water budget, primarily to predict the total runoff from a pervious area.
2. Manipulation of sediment sources: for sediment from soil erosion, the detachment, attachment, and removal involve in the erosion processes on the pervious land surface from a pervious area. The HSPF/SEDMNT module is used to simulate the production and removal of sediment from a pervious land segment. For sediment from shallow landslides, TRIGRS is firstly used to predict the locations of occurrence of shallow landslides in the study area, and then the landslide volume for each landslide spot can be estimated by multiplying the landslide area by the soil depth. Finally, spatial landside volume data as external data will be incorporated into the HSPF/MUSTIN (Multiple Timeseries Sequential Input) module, which is a utility module utilized to read an external file for use by other HSPF modules.
3. Sediment transport process: the sediment transport process is modelled by both HSPF/HYDR and HSPF/SEDTRN module. HYDR is to simulate the hydraulic process occurring in a reach. The main purpose of the process is to route floods. SEDTRN is to simulate the transport, deposition, and scour of inorganic sediment in free flowing reaches. After the above step, the watershed sediment yield can be calculated.
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For a debris-flow occurrence condition, sediment transport behaviour and magnitude are distinct from the scenario of non-occurrence condition. When modelling the debris flow, a numerical tool with an appropriate rheological model must be chosen. A numerical model, FLO-2D, developed by O'Brien (2006) was selected for the purpose of the present study. The rheological model adopted in the FLO-2D is a well-known quadratic shear stress model which can describe the continuum of flow regimes from viscous to turbulent/dispersive flow. This model can avoid the modelling problem of not knowing the flow regime in advance. Additionally, FLO-2D has been successfully used for practical cases of debris flow simulations by many researchers from different countries (O'Brien, 2006; Hsu et al., 2010) . Thus, the model is very appropriate for the debris flow study. The commercial software FLO-2D can determine the depositional extent and sediment yield of debris flow. The calibration and verification of the FLO-2D model for the study area has been studied by Hsu et al. (2010) . However, their study focused on the simulation of debris-flow depositional extent but not estimation of sediment yield. In the presented paper, we intended to use the calibrated FLO-2D model done by Hsu et al. (2010) to develop the estimation of sediment yield. Some assumptions such as homogeneous fluid, nonerodible bed, and constant rheology along the channel and in time were made in the simulation. The procedure for estimating debris flow sediment yield has been constructed as shown in Fig. 3 (the lower right-hand side of the Figure) . The first step is to produce an inflow hydrograph for a simulated debris-flow-prone watershed. To enhance the accuracy of debris-flow simulation, the HSPF model -instead of using the rainfall-runoff module in the FLO-2D model -was adopted to compute an inflow hydrograph. This strategy has been demonstrated by Hsu et al. (2010) with the reason that the HSPF model has a better performance than the FLO-2D model at peak flow and flow recession periods. The second step is determining the debris flow hydrograph by the bulking factor and resulting inflow hydrograph. The bulking factor (BF = 1/(1-C v )) can be calculated by assigning the volumetric sediment concentration (C v ), which can be determined by Eq. (1). The volumetric sediment concentration (C v ) is defined as the volume of sediment divided by volume of water plus sediment. By introducing Takahashi's equilibrium concentration formula (Takahashi, 1980) , the volumetric sediment concentration can be estimated by the equilibrium concentration (C D ) divided by the volume concentration of solid fraction on the bed (C b ), where C b can be estimated from the porosity of solid fraction on the bed; and C D is given in the following equation:
where θ is the inclined angle of the channel bed and φ is the internal friction of debris; ρ s and ρ w are densities of solids and water, respectively. Since the equilibrium concentration is dependent on the bed inclination, the volumetric sediment concentration in a given potential debris-flow creek is a function of the channel slope. The last step is to proceed with debris-flow sediment estimation simulation by assigning all required input data and the resulting debris flow hydrograph. From this, the sediment yield can be computed, and inundated area of debris flow can be obtained as well.
Results and discussion
According to Sect. 3, the study has developed an integrated method, considering sediment supplies associated with soil erosion, shallow landslide, and debris flow, to estimate sediment yield from a debris-flow-prone watershed on a storm event basis. This can be used not only to predict potential sediment yield of a watershed for any extreme rainfall event, but also to address possible impact on sediment yield from different sediment sources, landslide sediment delivery ratio, and relationship between sediment yield and watershed area. An example case study from 26 potential debris-flow creeks located in Sioulin Township is presented to illustrate the sediment yield estimate and interesting questions mentioned above. The rainfall data used for the case study is based upon a 24-h design hyetograph with the 100-yr return period. The relevant results are described as follows.
Sediment yield and comparisons of sediment yields from different scenarios
Under the condition of 100-yr rainfall intensity, the proposed method was applied to each potential debris-flow watershed of Sioulin Township to estimate potential sediment yields supplied from three different sediment sources (soil erosion, shallow landslide, and debris flow) as shown in Fig. 8 . The Hualien DF019 creek has maximum sediment yields contributed by both soil erosion and debris flow. The maximum sediment yield from shallow landsliding may happen on the Hualien DF012 creek. Possible sediment yields for each village can be found in the Fig. 8 as well. The results indicated that Wunlan and Jingmei villages may receive a relatively greater impact caused by soil erosion and shallow landsides; the relatively large sediment yield arising from debris flow may happen in the villages of Chongde, Wunlan, and Jingmei. By comparing sediment yields from different scenarios, the results showed that the sediment yield considering landslides were found to be increasing at about 1.1 to 13.8 times than that estimated under the soil erosion conditions. In other words, for shallow landslide-prone watersheds shallow landslides can provide large amount of sediment, approximately 11-92 % of total sediment yield. It is more realistic to estimate the watershed sediment yield when considering the mechanism of landslide and soil erosion all together, especially in hilly watersheds. In addition, a comparison of sediment yields computed from occurrence and non-occurrence of debris flow scenarios showed that the sediment yield considering an occurrence condition was found to be increasing at about 14.2 times more on average than that estimated under a non-occurrence condition. This implied watershed sediment hazard induced by debris flow may cause severe consequences.
Landslide sediment delivery ratio
Landslide sediment delivery ratio is an important indicator of how much sediment produced on hillslopes could be transported into the channel network and discharged at the watershed outlet for a given time period. The sediment delivery ratio is influenced by a wide range of geomorphological and environmental factors and therefore can be any number from 0 % to 100 %. Several studies have shown that delivery ratios of landslides vary from 20 % to 70 % when slope failure happens in mountainous environments (Trustrum et al., 1999; Lin et al., 2008) . In this study, TRIGRS has been used to predict shallow landslide volume for the study area. Results showed shallow landslides triggered by the 100-yr rainfall occur in all creeks except the three creeks of Hualien DF020, DF021 and DF022. Subsequently, for the failed materials in each creek, HSPF was utilized to simulate sediment transport and estimate the following sediment yield at each watershed outlet. Finally, delivery ratio of landslide debris is calculated by the above two quantities. The results of this analysis indicated the magnitude of the landslide sediment delivery ratio for the calculated creeks ranged from 5.2 % to 45.0 %. The overall average landslide sediment delivery ratio was approximately 38.4 %. Landslide sediment delivery ratio may vary widely for any given size watershed area, but limited data, as shown in Fig. 9 , indicate that they vary inversely with the size of the watershed area. This relationship is consistent with a literature reported by US Conservation Service (ASCE, 1975) . In the literature, the inverse relationship between delivery ratio and area has been explained in terms of the decreasing slope and channel gradients and increasing opportunities for deposition associated with increasing watershed size.
Relationship between sediment yield and watershed area
Developing regression equations to predict sediment yields associated with soil erosion, shallow landsliding, or debris flow provides a useful tool to quickly understand possible sediment yield impact for any targeted watershed. Some useful empirical equations have been proposed by previous work (ASCE, 1975; Franzi and Bianco, 2001 ). However, those are site-specific relations.
The overall results of sediment yield estimate from the 26 debris-flow-prone watersheds were adopted to establish several relationships with watershed area. By adopting the regression analysis technique, the dependence between sediment yield (SY) and watershed area (A) for different scenarios can be identified. Figure 10 shows that a linear relationship exists between the sediment yield and watershed area with a coefficient of determination R 2 of 0.969 (or correlation coefficient R of 0.984). This relationship is applicable to a shallow landslide-prone watershed, where the sediment yield is contributed by soil erosion and shallow landsliding. Other regression results for the other two scenarios can be found in Table 2 . The coefficients of determination R 2 for soil erosion and debris flow case are 0.930 (or R = 0.964) and 0.710 (or R = 0.842), respectively. Generally, a correlation that is greater than 0.8 is described as strong. Thus, the results demonstrated that sediment yield on the basis of the same rainfall magnitude has a strong relationship to watershed area. The regression equations listed in Table 2 are based on the rainfall intensity of the 100-yr return period. For other rainfall magnitudes, new regression equations need to be established.
Conclusions
Information on sediment yield from a watershed is quite essential because it is often needed to estimate the quantity of sediment delivered downstream for watershed management and hazard mitigation purposes. In the past, most of models for estimating sediment yield only exist for consideration of soil erosion. For a hilly watershed, shallow landslides can be significant sources of sediment and may in turn act as a major control on the occurrence of debris flow in rivers. This paper presents an integrated method, considering sediment supplies associated with soil erosion, shallow landslide, and debris flow to estimate sediment yield from a debris-flowprone watershed on a storm event basis. The main conclusions which can be drawn from this study are as follows:
1. The integrated method, combined with HSPF, TRIGRS, and FLO-2D models, has been successfully applied to 26 debris-flow-prone creeks and demonstrates an ability to simulate the spatial distribution of shallow landslide and determine watershed sediment yield associated with different transport mechanisms such as fluvial transport and debris flow scenarios.
2. The scenario applications show the integrated method can be used to explore various impacts on sediment yield. For shallow landslide-prone watersheds, shallow landslide has been proved to be the most significant contributor of the total watershed sediment yield as compared with soil erosion. In addition, if the shallow landslide can develop into debris flows, the sediment volume would be relatively high in magnitude.
The present results show that the sediment yield in a debris-flow occurrence condition was found increasing at about 14.2 times in average than that estimated under a non-occurrence condition. Hence, the shallow landslides may act as a major control on the occurrence of debris flow.
3. The estimate of shallow landslide transport capacity into a main channel indicated the overall sediment delivery ratio on a 100-yr flood return period basis was approximately 38.4 %. Additionally, the delivery ratio may vary inversely with the size of the watershed area.
4. The relationship between the sediment yield and watershed area has been established using 26 debris-flowprone watersheds analyzed data. The result showed that a linear relationship exists between two variables with a high coefficient of determination for three scenarios.
The regression equations provide a useful tool to estimate possible sediment yield based on the computed watershed area.
5. For future study, triggering conditions of debris flow and channel bed scouring and deposition can be incorporated into the integrated method to improve the completeness of the method in estimating sediment yield with a given watershed and rainfall conditions.
